Introduction
============

Primary open-angle glaucoma (POAG) is a common neurodegenerative disease characterized clinically by optic nerve cupping and visual field loss \[[@r1]\]. Age, higher intraocular pressure (IOP), and worse visual field status at a patient's baseline examination are important risk factors for developing blindness in POAG \[[@r2]\]. IOP is regulated primarily by fluid resistance to aqueous humor outflow in the trabecular meshwork (TM) \[[@r3]\]. The TM functions as a one-way, low-flow, self-cleaning filter with an approximate two-third functional reserve \[[@r4]\]. The TM cell population decreases as an individual ages \[[@r4]\]. Dysregulated aqueous humor outflow causes increased IOP \[[@r5]\]. In addition to TM dysregulation, POAG also has systemic features \[[@r6]\]. A recent National Eye Institute goal is to identify biomarkers of POAG and explore new therapeutic approaches \[[@r7]\].

One target area for neurodegenerative diseases is the cellular mechanisms for removing and clearing potentially toxic compounds. The two most important ATP binding cassette (ABC) transporters are ABCB1 (multidrug resistance protein 1, p-glycoprotein) and ABCC1 (multidrug resistance-associated protein 1). ABCB1 and ABCC1 (collectively multidrug resistance \[MDR\] proteins) transport a wide variety of endogenous substances and xenobiotics across extra- and intracellular membranes \[[@r8]\]. Certain toxic xenobiotics in cells may be hydroxylated or formed into an epoxide by phase 1 enzymes (cytochrome P450) and eliminated by ABCB1 as a metabolite. ABCB1, then, potentially acts to detoxify TM cells. There are 48 ABC genes in the human genome representing seven subfamilies based on the sequence and organization of their ATP-binding domains. The ATP-binding domains have characteristic motifs (Walker A and B) and a signature motif (C). The large number of ABC genes and the strong sequence homology suggest functional redundancy, i.e., substrate specificity overlap \[[@r9]\].

Typically, ABC transporters are unidirectional and move compounds from the cytoplasm to the outside of the cell or into an intercellular compartment, e.g., the endoplasmic reticulum and mitochondria, to detoxify or protect cells from potentially toxic substances \[[@r10]\]. TM cells are likely to remove metabolites and xenobiotics from the aqueous humor and protect intraocular structures from potentially toxic compounds \[[@r11]\]. In circulating leukocytes, upregulation of ABCB1 may play a role in vascular deregulation in the pathogenesis of POAG \[[@r12]\]. MDR proteins respond to stressors such as hypoxia, cytokine signaling, increased pressure, mechanical stretch, and aging \[[@r13]\]. ABCB1 expression and function are controlled by hyaluronic acid (HA) and the HA receptor CD44 \[[@r14]\], both of which are altered in POAG as reported by our laboratory \[[@r15]-[@r17]\]. Dysregulation of HA and CD44 interaction could result in decreased MDR protein activity and consequently increased cell vulnerability to stress \[[@r18]\].

The innate immune system \[[@r19]\] within the TM, particularly TLR4 and its ligands---low-molecular-weight hyaluronic acid (LMW-HA) and lipopolysaccharide (LPS)---may play a significant role in maintaining a normal environment in the anterior chamber. We hypothesize that the innate immune system affects MDR proteins, altering the efflux of toxic proteins, such as β-amyloid and soluble CD44, from TM cells and maintaining the normal milieu of the aqueous humor. The purpose of this study was to test whether TM cells respond to several known agonists and inhibitors of TLR4 and MDR proteins in vitro.

Methods
=======

Multidrug resistance proteins
-----------------------------

Wagner et al. \[[@r20]\] profiled the gene expression of ten normal ocular tissues---the cornea, TM, iris, lens, sclera, choroid/retinal pigment epithelium, retina, optic nerve head, and optic nerve. The expression values of each tissue are available online in the [Ocular Tissue Database](http://genome.uiowa.edu/otdb/). The level of expression of multidrug resistance proteins, their respective ABC transporters, and probe set as determined with Affymetrix Human Exon 1.0 ST arrays (Affymetrix, Inc., Santa Clara, CA), and Probe Logarithmic Intensity Error (PLIER) values are displayed in [Table 1](#t1){ref-type="table"}. These arrays enable two levels of analyses---gene expression and alternate splicing. The microarrays are useful for determining which gene is present in a tissue by detecting specific mRNA. PLIER values are a means of better expressing the signals of gene expression observed in a microarray; these values are determined by several variables, including the number of perfect match pairs of RNA, the number of mismatch pairs of RNA, the binding affinity of the probe, and the concentration of RNA in the sample \[[@r21]\]. The statistical significance of the PLIER numbers was determined by deriving the z-score as in the methods described by Wagner et al. \[[@r20]\]; thus, any values greater than 30 were deemed statistically significant. The most relevant tissues for POAG are the ciliary body, optic nerve, TM, and retina ([Table 1](#t1){ref-type="table"}).

###### Gene expression of human ABC transporters in ocular tissues.

  Gene     Alias                 Probeset    Trabecular meshwork   Ciliary body   Optic nerve   Optic nerve head
  -------- --------------------- ----------- --------------------- -------------- ------------- ------------------
  ABCB1    P-glycoprotein/MDR1   3,060,182   33.27                 23.14          30.13         45.95
  ABCC1    MRAP-1                3,649,890   28.76                 26.45          26.75         24.73
  CYP3A5   Cytochrome P450 3A5   3,063,406   31.92                 32.63          28.74         37.14

Level of expression of ABC transporters was determined from the Ocular Tissue Database, a collection of data using Affymetrix Human Exon 1.0 ST arrays. Probe Logarithmic Intensity ERror (PLIER) values were used to determine significance of expression for ABCB1 and ABCC1 transporters. \*Remaining 46 human ABC transporters were determined to have notable expression using a threshold ≥30 PLIER value.

Cell cultures
-------------

The study adhered to the tenets of the Declaration of Helsinki, ARVO statement on human subjects and our institution\'s guidelines. Human TM cells derived from four healthy, postmortem eyebank (Illinois Eye Bank, Midwest Eyebanks, Chicago, IL) donors (20, 33, 34, and 49 years of age) were obtained and grown in culture and used between the second and fourth passage as previously described \[[@r22]\]. Mouse-transformed macrophage RAW264.7 cells and rat pheochromocytoma cells (PC12) were purchased from American Type Culture Collection (Manassas, VA). Cells were grown to confluency in 10% fetal bovine serum (FBS) in T-25 flasks (Becton Dickinson, Franklin Lakes, NJ), and then harvested for experimentation. Briefly, cells were plated at a density of 5,000 cells in 200 µl Dulbecco\'s modified Eagle\'s medium (DMEM, Gibco, Grand Island, NY) with 10% FBS per well on Lab-Tek II eight-well chamber slides (Cole Palmer, Vernon Hills, IL).

Agonist and antagonists
-----------------------

The medium in the TM cell--plated chamber slides was changed from 10% FBS to 0.1% FBS medium 2 h before treatment. Cells were then challenged with 1 and 10 μM lactate (Sigma-Aldrich, St. Louis, MO), 100 ng LMW-HA (20 kDa, Creative PEGWorks, Winston Salem, NC), 100 ng HMW-HA (1000 kDa, Hyalose, Oklahoma City, OK), 100 ng LPS (Sigma-Aldrich), 1 μg/ml β-amyloid 1--42 (Life Technologies, Carlsbad, CA), 0.1, 1, and 10 μg CD44 neutralizing antibody (Ancell, Bayport, MN), and/or 100 μM naloxone (Sigma-Aldrich) for 0.5, 1, 2, and 4 h. Dephosphorylated lipopolysaccharide (LPS-p) was obtained by incubating 5 µg LPS (Sigma-Aldrich) with 30 units of calf intestinal alkaline phosphatase (CIAP; Life Technologies) at 37 °C for 1 h followed by an additional 30 units of CIAP incubation for another 1 h.

Calcein AM assay
----------------

ABCB1 activity was determined by the addition of calcein acetyoxymethyl ester (calcein AM; Molecular Probes, Eugene, OR) at a final concentration of 0.25 µM to the culture media for 30 min at 37 °C in 5% CO~2~ according to Boraldi's method \[[@r23]\]. Calcein AM is freely diffused into cells and hydrolyzed by esterases into a fluorescent calcein. If the ABCB1 transporter is active, hydrophobic calcein AM is pumped out of the cell before it can be hydrolyzed. Verapamil (100 μM; Life Technologies), a calcium channel blocker, and digoxin (50 μM; Sigma-Aldrich) were used as controls for modulating ABCB1 activity. Verapamil, digoxin, and all other experimental compounds were added 30 min before calcein AM was added. If ABCB1 is less active, calcein fluorescence is increased in the cells. At selected time points, the cells were briefly washed twice with phosphate buffered saline (PBS, 10 mM phosphate buffer, 2.7 mM potassium chloride and 137 mM sodium chloride, pH 7.4, Sigma-Aldrich), fixed in 3% paraformaldehyde in PBS for 15 min, washed twice in PBS, and mounted in medium with 4\',6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA).

Western blot
------------

Human TM, PC12, and RAW264.7 cells were grown in DMEM containing 10% FBS until confluent. The cells were washed twice with PBS and incubated in DMEM containing 0.1% FBS for 24 h. The media were aspirated. The cells were washed with cold PBS, scraped from the flask, and collected. Cells were subjected to lysis buffer (Sigma-Aldrich) containing 1% Triton X-100 and 1% protease inhibitor cocktail (Sigma-Aldrich). Cell lysates were analyzed for protein content (Pierce, Rockford, IL), resolved with sodium dodecyl sulfate--polyacrylamide gel electrophoresis (SDS--PAGE), and then transferred to polyvinylidene ﬂuoride (PVDF) membranes with electrophoresis. Blots were blocked with 5% fat-free dry milk in Tris-buffered saline-Tween (TBST) buffer for 1 h and then incubated overnight with mouse ABCB1 antibody (Santa Cruz Biotechnology, Dallas, TX; 1:1,000 dilution), mouse ABCC1 antibody (Novus Biologics, Littleton, CO; 1:500 dilution), mouse TLR4 antibody (R and D, Minneapolis MN; 1:1,000), or CYP3A5 (Thermo Scientific, Rockford, IL; 1:500). The membranes were washed with TBST and incubated with secondary horseradish conjugated goat anti-mouse antibody (Genetex, Irvine, CA; 1:3,000). Blots were visualized in an imager (ImageQuant 4000, GE Healthcare, Piscaway, NJ) using Clarity Western ECL substrate (Bio-Rad; Hercules, CA, 1:3,000). To ensure equal protein loading, the same blot was developed for β-actin (Sigma-Aldrich; 1:3,000) as a loading control.

Confocal microscopy
-------------------

Cells were observed in multiple fields by a masked observer under confocal laser scanning microscope (Leica SP2; Wetzlar, Germany). Optical sections of at least 10 cells for each treatment condition were captured in the center of each cell. Single images were obtained using 40× and 63× objectives. Quantification of calcein retention was determined by the fluorescence intensity within a single cell using Leica software. The mean fluorescence intensity in the cytoplasm was outlined on images of individual cells using the Leica software. The mean fluorescence intensity was measured in pixels per unit area per cell minus the background intensity. All treatments were performed in triplicate trials.

Statistical analysis
--------------------

All data were normalized to PBS-treated controls and expressed as the mean of fluorescence intensity values ± standard error of the mean (SEM). First, one-way ANOVA, followed by Tukey's multiple comparison test, for each experimental group was used to compare three or more treatments. An unpaired Student *t* test was used to compare when only two treatments were present. p\<0.05 was regarded as statistically significant, and calculated with statistical analysis software packages (Prism 6 \[GraphPad Software, LaJolla, CA\]).

Results
=======

Western blot
------------

The ABCB1 protein expression was verified with western blot analysis that showed an immunoreactive protein band for ABCB1 in the TM, PC12, and RAW cells at the expected molecular weight of 140 kDa ([Figure 1](#f1){ref-type="fig"}). ABCC1 was not detected with western blot analysis in cultured TM cells. TLR4 protein expression was also verified with western blot analysis that showed a protein band for TLR in TM, PC12, and RAW cells at the expected molecular weight of 95 kDa ([Figure 1](#f1){ref-type="fig"}). CYP3A5 protein expression was detected with western blot analysis in TM cells.

![Western blots of ABCB1, ABCC1, TLR4, and CYP3A5. Cell lysates (10 µg protein load) of RAW 264.7 mouse monocyte cells (RAW), rat pheochromocytoma cells (PC12), and trabecular meshwork (TM) cells were resolved with sodium dodecyl sulfate--polyacrylamide gel electrophoresis (SDS--PAGE). β-actin (10 µg protein load) was used as a loading control for each cell lysate. Data represent a representative western blot of replicate samples.](mv-v21-201-f1){#f1}

Calcein AM assay
----------------

The rate of accumulation of calcein in TM cells was determined with a time course study from 5 to 30 min. In the PBS control, the accumulation of calcein reached a plateau at 30 min ([Figure 2](#f2){ref-type="fig"}). Verapamil, an ABCB1 inhibitor, was used as a negative control in determining the accumulation rate. Treatment with verapamil significantly increased calcein retention in TM cells at 30 min. Based on these results, 30 min was determined to be sufficient for intercellular accumulation of calcein for the rest of the experiments.

![Time course of calcein AM accumulation in TM cells evaluated with confocal microscopy. **A**: The calcein retention rate within trabecular meshwork (TM) cells following PBS (control) or 100 µM verapamil treatment. **B**: Mean fluorescence intensity in PBS (control) and verapamil treated cells at the 30 min time point. Confocal microscopy images were obtained in the middle of the TM cells with optical sectioning. **C**: PBS control at 5 min **D**: PBS control at 30 min time point. **E**: Verapamil at 5 min. **F**: Verapamil at 30 min time point. Error bars are presented as ± standard error of the mean (SEM), \*\*\*p\<0.001.](mv-v21-201-f2){#f2}

To compare the relative ABCB1 activity, calcein retention was examined in TM and RAW cells under various treatment conditions (see [Figure 3](#f3){ref-type="fig"}). TM cells treated with 100 μM verapamil increased calcein retention to 156.1±3.8 units (p\<0.0001) compared to the PBS control, while treatment with 50 μM digoxin, an ABCB1 activator, decreased calcein retention to 72.3±3.2 units (p\<0.001). The difference between verapamil and digoxin was significant (p\<0.0001). Similarly, RAW cells with verapamil treatment increased calcein retention to 168.8±5.9 units, which was significant compared to the PBS control (p\<0.0001). Calcein retention was only slightly decreased after treatment with digoxin to 98.5±5.1 units, but it was significant relative to the verapamil-treated cells (p\<0.0001).

![Calcein AM assay following verapamil and digoxin treatment in TM and RAW 264.7 macrophage (RAW) cells. (**A**) Trabecular meshwork (TM) cells and (**B**) RAW cells were treated with PBS (control), 100 µM verapamil, and 50 µM digoxin. Error bars are presented as ± standard error of the mean (SEM), \*\*p\<0.0005, \*\*\*p\<0.0001 verapamil compared with PBS (control); †††p\<0.001 digoxin compared with PBS (control); \#\#\#p\<0.0001 digoxin compared with verapamil.](mv-v21-201-f3){#f3}

Lactate was added to cells to simulate oxidative stress \[[@r24]\]. Compared to the PBS control, the 1 mM concentration of lactate treatment increased relative calcein retention to a value of 136.2±6.8 units (p\<0.005), while 10 mM lactate increased it to 153.9±6.3 units (p\<0.0001) at the 1 h time point. After 3 and 6 h of 1 and 10 mM treatment, calcein retention remained greater than the control (see [Figure 4](#f4){ref-type="fig"}).

![Time course of calcein AM assay following lactate treatment in TM cells. The mean fluorescence intensity values of cells treated with 100 µM verapamil, 1 mM, and 10 mM lactate, and PBS (control) for (**A**) 1 h, (**B**) 3 h, and (**C**) 6 h are presented. Verapamil-treated trabecular meshwork (TM) cells yielded higher levels of calcein retention compared to the lactate-treated cells. Error bars are presented as ± standard error of the mean (SEM), \*p\<0.005, \*\*p\<0.001, \*\*\*p\<0.0001 with respect to PBS (control); †p\<0.05, ††p\<0.01, ††† p\<0.001 lactate compared to verapamil; ‡p\<0.05 lactate (10 mM) compared to lactate (1 mM).](mv-v21-201-f4){#f4}

To determine whether TLR4 agonists interact with ABCB1 activity, TM cells were challenged with LMW-HA, a TLR4 agonist, as well as HMW-HA for 1 and 2h (see [Figure 5A,B](#f5){ref-type="fig"}). The fluorescence intensity of the LMW-HA-treated TM cells was significantly lower at 1 h compared to 2 h (p\<0.0001). Although HMW-HA is not recognized as a TLR4 agonist, hyaluronidases that are released by stressed or injured cells cleave HMW-HA to become LMW-HA \[[@r25]\]. Calcein retention was increased when TM cells were treated with HMW-HA at the 2 h time point (p\<0.0001). Administration of naloxone by itself, a TLR4 antagonist, had no apparent effect on the ABCB1 activity. TLR4 receptor was blocked with coadministration of naloxone and HA, and ABCB1 efflux activity was increased, suggesting that naloxone competed for the binding of HA to the TLR4 complex. The coadministration of LMW-HA with naloxone and HMW-HA with naloxone were highly significant (p\<0.0001); see [Figure 5B](#f5){ref-type="fig"}.

![Calcein AM assay of TM cells following treatment with HA and naloxone. **A**: Trabecular meshwork (TM) cells were treated with the TLR4 agonist low-molecular-weight hyaluronic acid (LMW-HA; 100 ng) and high-molecular-weight HA (HMW-HA; 100 ng) for 1 and 2 h. **B**: TM cells were treated with a TLR4 inhibitor naloxone (100 µM) alone or in combination. Error bars are presented as ± standard error of the mean (SEM), \*p\<0.05, \*\*p\<0.005, \*\*\*p\<0.0001 with respect to PBS (control), ††p\<0.005, †††p\<0.00005 comparing LMW-HA to HMW-HA for each corresponding time point; ‡‡‡p\<0.0001 comparing LMW-HA at 1 h to LMW-HA at 2 h or HMW-HA at 1 h to HMW-HA at 2 h, \#\#\#p\<0.0001 comparing LMW-HA plus naloxone or HMW-HA plus naloxone to naloxone.](mv-v21-201-f5){#f5}

Another TLR4 agonist is LPS; its effect on ABCB1 activity is shown in [Figure 6](#f6){ref-type="fig"}. LPS minimally affected the calcein retention in TM cells. Dephosphorylated LPS-p, however, significantly (p\<0.0001) decreased calcein retention. Naloxone alone minimally affected the calcein retention; however, coadministration of LPS with naloxone significantly (p\<0.0001) decreased calcein retention. In contrast, coadministration of LPS-p and naloxone reversed the effects of LPS-p; see [Figure 6](#f6){ref-type="fig"}.

![Calcein AM assay of TM cells following treatment with lipopolysaccharide (LPS), dephosphorylated lipopolysaccharide (LPS-p), and naloxone. Trabecular meshwork (TM) cells were treated with TLR4 agonist lipopolysaccharide (LPS; 100 ng), dephosphorylated lipopolysaccharide (LPS-p; 100 ng), and the TLR4 inhibitor naloxone (100 µM) alone or in combination. Error bars are presented as ± standard error of the mean (SEM), \*\*\*p\<0.0001 with respect to PBS (control), ††† p\<0.0001 comparing LPS and LPS-p, ‡‡‡ p\<0.0001 comparing LPS and LPS plus naloxone, \#\#\# p\<0.0001 comparing LPS-p and LPS-p plus naloxone, §§§ p\<0.0001 comparing naloxone and LPS plus naloxone, ¶¶¶ p\<0.0001 comparing LPS plus naloxone and LPS-p plus naloxone.](mv-v21-201-f6){#f6}

A third TLR4 agonist is β-amyloid \[[@r26]\]. The administration of β-amyloid significantly (p\<0.05) decreased calcein retention. The coadministration of β-amyloid and naloxone reversed the effect of β-amyloid on calcein retention ([Figure 7A](#f7){ref-type="fig"}). In addition, neutralizing CD44 antibody treatment in TM cells showed a dose-response effect. With the use of graded amounts of CD44 antibody, the lowest CD44 concentration treatment resulted in a slight decrease in retention whereas the highest CD44 concentration resulted in an increase in calcein retention (p\<0.0001); see [Figure 7B](#f7){ref-type="fig"}.

![Calcein AM assay of TM cells following treatment with β-amyloid, naloxone, and CD44 Ab. **A**: Trabecular meshwork (TM) cells were treated with β-amyloid 1--42 (200 ng) and naloxone alone or in combination **B**: TM cells were treated with 0.1, 1, and 10 µg CD44 neutralizing antibody (CD44 Ab). Error bars are presented as ± standard error of the mean (SEM), \*\*\*p\<0.01 with respect to PBS (control), † p\<0.05 comparing β-amyloid versus β-amyloid plus naloxone, ‡ p\<0.05 comparing 0.1 µg CD44Ab to 1 µg CD44Ab, §§§p\<0.0001 comparing 0.1 µg CD44Ab to 10 µg CD44Ab, \#p\<0.05 comparing 1 µg CD44Ab to 10 µg CD44Ab.](mv-v21-201-f7){#f7}

Discussion
==========

ABC transporters are expressed in the TM as determined from the Ocular Tissue Database \[[@r20]\]. The mRNAs of ABCB1, ABCC1, ABCC3, ABCC4, ABCC5, and ABCC6 are expressed for relevant tissues for POAG, including the TM, ciliary body, optic nerve, and retina ([Table 1](#t1){ref-type="table"}) \[[@r20]\]. However, it is unlikely that all of these transporters are actually translated into proteins. In other studies, ABCC3, ABCC4, and ABCC5 are not present as proteins in many of the ocular tissues, including the cornea, conjunctiva, iris-ciliary body, retina, and choroid \[[@r27]\]. In our study, only the presence of ABCB1 in the cultured TM cells was verified with western blot analysis. To test the functional activity of ABCB1, the TM was evaluated with the calcein AM assay. Verapamil inhibited ABCB1 activity by acting as a substrate for the transporter in TM cells and was used as a positive control. Digoxin upregulates ABCB1 \[[@r28],[@r29]\] efflux activity and decreases calcein retention in TM cells.

The administration of lactate to mimic metabolic stress in TM cells decreased ABCB1 activity resulting in calcein retention similar to that of verapamil. Lactate administration to TM cells decreases human TM cell viability, translocates nuclear factor-kappa B (NF-κB), activates membrane type 1-matrix metalloproteinase 1 (MT1-MMP), and sheds the ectodomain of CD44 \[[@r24]\]. Activation of NF-κB induces ABCB1 activity within 24 h \[[@r30],[@r31]\]. The lactate stimulated release of the ectodomain of CD44, i.e., soluble CD44, may enhance ABCB1 activity \[[@r32],[@r33]\]; however, at higher concentrations, soluble CD44 may inhibit ABCB1 activity. The results of the neutralizing CD44 antibody treatment are in agreement with Toole's studies \[[@r32],[@r33]\], i.e., at high CD44 antibody concentrations, ABCB1 activity was reduced.

The current study provides support for the role of TM cells in responding to selected agonists and antagonists of the TLR4 receptor of the innate immune system. TLR4 has previously been implicated in the expression of ABCB1 transporters. HA binds to a unique complex of TLR4, MD2, and CD44 in non-infectious inflammation, different from the TLR4, MD2, and CD14 complex that recognizes LPS during infection \[[@r34],[@r35]\]. LMW-HA decreased calcein fluorescence intensity at 1 h but not at the 2 h time point. LMW-HA induces enhanced ABCB1 activity and competes for the CD44 receptor \[[@r33]\]. Although LMW-HA treatment at 1 h was transient, its effect was abated by 2 h presumably by degradation by hyaluronidases. HMW-HA increased calcein retention in TM cells after 1 and 2 h of treatment. ABCB1 is associated with CD44-HA; LMW-HA promotes ABCB1 internalization \[[@r18]\]. HMW-HA decreased ABCB1 activity \[[@r36]\], due at least in part to its degradation by hyaluronidases, thus generating LMW-HA, which decreases ABCB1 activity \[[@r4]\]. Exposure of TM cells to naloxone alone had no significant effect on ABCB1 activity in comparison with controls. Notably, naloxone acts as an inverse agonist or a neutral antagonist \[[@r37]\]. By itself, naloxone acting as a neutral antagonist may not have any effect on TLR4. Coadministration of naloxone with HA reversed the calcein retention effect of HA indicating that HA binds to the TLR4 and MD2-CD44 complex that directly or indirectly alters ABCB1 activity.

LPS is a well-characterized agonist of the TLR4 and MD2-CD14 complex. LPS alone slightly increased calcein retention. Notably, the LPS-TLR4-MD2 complex has a dissociation constant of approximately 3 nM \[[@r38]\]. Removal of the phosphate from LPS \[[@r39]\] resulted in an enhanced ABCB1 activity. Coadministration of LPS and naloxone reversed LPS effect on calcein retention. Naloxone is known to bind to MD-2 of the TLR4 complex with an apparent dissociation constant of approximately 17 µM \[[@r40]\]. A comparison of the dissociation constants indicate that naloxone is more tightly bound to the TLR4 complex compared with LPS \[[@r41]\]. Meanwhile, CD44 neutralizing antibody altered the ABCB1 activity either through HA-CD44-ABCB1 loop \[[@r33]\] or through the TLR4 complex. TLR4 also forms a complex of CD36-TLR4-TLR6 heterodimer that binds β-amyloid 1--42 \[[@r42]\]. Three ABC family members---ABCB1, ABCC1, and ABCG2---export β-amyloid \[[@r43],[@r44]\]. In the current study, β-amyloid treatment led to a reduction in fluorescence intensity, opposite that observed for other agonists. Not surprisingly, β-amyloid has been shown to be cytotoxic to cells and to reduce esterase activity \[[@r45]\]. Coadministration of naloxone and β-amyloid 1--42 reversed this effect indicating that the effects of β-amyloid is through the TLR4-MD-2-CD44 or the TLR4-MD2-CD14 complex. Interestingly, decreased ABCB1 activity has recently been associated with Alzheimer disease \[[@r46]\]. ABCB1 transport of β-amyloid across the blood--brain barrier is responsible for removal of β-amyloid from the brain \[[@r43]\]. In MDR-null mice, β-amyloid is removed at half the rate as in wild-type mice. An inhibitor of ABCB1 causes an increase in β-amyloid concentration in brain interstitial fluid within hours of treatment. Cirrito et al. \[[@r47]\] suggested that decreased MDR protein activity at the blood--brain barrier could affect the risk of developing Alzheimer disease as well as provide a novel therapeutic target.

TLR4 ligands and inhibitors modulate ABCB1 activity, suggesting that the interaction with TLR4 is important in ABCB1 function. The innate immune inflammatory response may thus play a role in the TM through modulation of ABCB1, and ABCB1 is probably the key MDR protein in the TM. As shown in [Figure 8](#f8){ref-type="fig"}, three known TLR4 agonists modulate ABCB1 activity in a calcein AM assay. The coadministration of the TLR4 antagonist blocked the effects of the TLR4 agonists. The current results indicate that TM cells are responsive to TLR4 agonists. Targeting β-amyloid in glaucoma treatment \[[@r48]\], amyloid fibril formation in myocilin mutation \[[@r49]\], and Gram-negative bacteria \[[@r50],[@r51]\] is a potential new therapeutic modality since β-amyloid and LPS are agonists of the CD14-MD2-TLR4 complex. The TLR4 antagonist naloxone may be useful in decreasing the innate immune inflammatory responses as well as modulating ABCB1 function in TM cells.

![Diagram depicting the possible activation of TM detoxification of xenobiotics. The schematic illustrates the multiple receptors involved in the uptake and removal of potentially toxic substances in aqueous. First, two separate signaling pathways activate TLR4. The classic CD14-MD2-TLR4 complex is activated by the agonists lipopolysaccharide (LPS) and β-amyloid. The alternate complex of CD44-MD2-TLR4 is modulated by low-molecular-weight hyaluronic acid (LMW-HA). ABCB1 is a first-line defense and is rapidly upregulated by extracellular, e.g., β-amyloid or dephosphorylated lipopolysaccharide (LPS-p), and intracellular stress arms \[[@r57]\]. Xenobiotics enter through several different organic anion transporter proteins including OATP, OAT, and OCT \[[@r56]\]. The xenobiotic is then shuttled to the endoplasmic reticulum where cytochrome P450 3A5 or other cytochrome P450 enzymes process the xenobiotic. The second step of the detoxification pathway is ABCB1 efflux on the inactivated xenobiotic. Prolonged or overwhelming stressors, e.g., lactate accumulation, aging, or cytokine stimulation, may overwhelm the ABCB1 defense mechanism leading to faulted removal of xenobiotic, activation of NF-κB \[[@r52]\], and cell death. Modulators of ABCB1 are digoxin, verapamil, and the TLR4 antagonist, naloxone, which inhibits both signaling pathways.](mv-v21-201-f8){#f8}

The innate immune inflammatory response in the TM may have a role in ABCB1 detoxification of potentially harmful metabolites and xenobiotics in the aqueous humor as well as in the TM. Xenobiotics enter a cell through various mechanisms; however, due to their size, many xenobiotics may need to be transported via a protein. Organic anion transporters (OATP and OAT) as well as organic cation transporters (OCTs) are several known non-specific protein transporters responsible for the uptake of various drugs as well as steroids \[[@r52]\]. After entering the cell, xenobiotics can be neutralized by cytochrome P450 enzymes. Within the CYP family, the CYP3A family is the most common in drug and steroid metabolism; approximately 50% of known pharmaceutical drugs are metabolized by these enzymes \[[@r53]-[@r55]\]. Interestingly, the CYP3A family shares many of the same metabolites as ABCB1, suggesting that after being deactivated by CYP3A enzymes, xenobiotics are removed by ABCB1 \[[@r56]\]. CYP3A5 was highly expressed in TM cells. One consequence of CYP3A5 activity is the generation of reactive oxidative species (ROS), which can lead to NF-κB activation \[[@r52]\]. Increased levels of ROS and activation of NF-κB could be factors in the progressive TM in aging and POAG. Although ABCB1 is a first line of defense, prolonged or overwhelming stressors may compromise ABCB1 function \[[@r57],[@r58]\]. In addition, although ABCB1 is the primary transporter in TM, further studies are necessary to definitively identify the function of the other ABC transporters. Nonetheless, once ABCB1 defenses are breached in the TM, faulty clearance of toxic substances in the aqueous humor may lead to cellular damage and cell death to other anterior segment tissues, including the ciliary body, iris, lens, corneal endothelium as well as the TM.

In summary, TM cells express the functionally active ABCB1 transporter. The ABC transporter superfamily members respond to stressors such as hypoxia, cytokine signaling, increased pressure, mechanical stretch, and aging \[[@r59]\], which collectively are vital to the function of the TM. The ABCB1 transporter expression and function are regulated, in part, by HA and CD44, both of which are altered in POAG. These results support the hypothesis that MDR proteins are expressed in cells relevant to the POAG disease process and abnormal stress may lead to modified MDR protein activity and TM cell dysfunction and cell death in POAG. The innate immune inflammatory response in the TM may play a role in the ABCB1 detoxification of potentially harmful constituents in the aqueous humor.
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